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A B STR A C T
The work of this thesis dem onstrates that Lewis acid initiated cyclizations 
of y-acetylene(hom opropargyl)-acetals leading to 3-alkylidenetetrahydrofurans  
and 5,6-dihydro-2H-pyrans are dependent on both steric and electronic effects. 
The acetylene-acetals studied are sum m arized in the schem e shown below. In 
particular, the supposed stability of the linear vinyl cation versus the bent vinyl 
cation is not sufficient to yield exclusively the five-m em bered cyclic ether. The  
results from the cyclization of eight acetals establishes that increasing substituent
bulk at the a ' carbon center favors the formation of the five-m em bered  3-
alkylidenetetrahydrofuran product w hereas alkyl substituents at the a  carbon  
favor formation of the six-mem bered 5,6-dihydro-2/-/-pyran structure.
TH E  S E LE C TIV E  S Y N T H E S IS  O F
3-A LK Y L ID E N E TE TR A H Y D R O FU R A N S
2IN TR O D U C T IO N  T O  TH E PR O B LEM
The research goal of this thesis is an investigation on the selective  
formation of 3-alkylidenetetrahydrofurans via the Lewis acid promoted catonic 
cyclization of acetals derived from alk-3-yn-1-ols (homopropargyl alcohols). The
R
regioselective and stereoselective synthesis of cyclic ethers is of interest 
because these structural nuclei are found in many naturally occurring products 
such as in the polyether antibiotics, for exam ple, monensin (2) and lasalocid A (3) 
which are of com m ercial significance (Figure 1 ) . 1 M ore specifically, Trost and 
Bonk^ have sum m arized why the 3-alkylidenetetrahydrofuran nucleus is of 
particular synthetic interest:
1 ) substituted tetrahydrofurans are important structural units of many natu­
ral products, especially ionophores;
2 ) exocyclic methylene [alkylidene] groups serve as a versatile handle for 
structural elaboration; and
3) 3-m ethylene[alkylidene]tetrahydrofuran is easily oxidized to meth- 
ylene[alkylidene]butyrolactones, another important feature of many 
natural products.
3HD
CH
CHCH O ,
HO
Monensin
c o  H
HD
CH
CH
Lasalocid A
Ri = R2 = R3 = R4 = CH3
Rgure 1. Polyether antibiotics of commercial significance.
4
O ur approach to the synthesis of 3-alkylidenetetrahydrofurans is via the 
Lewis acid promoted cationic cyclization of internal acetylenic acetals as shown 
in Figure 2 .3  The methoxyethoxymethyl ether of 3-pentyn-1-ol (4) is treated with 
titanium tetrachloride to cleave the acetal by removal of the methoxyethoxy anion 
to give the resonance stabilized carbocationic intermediate 5. Electrophilic attack  
at the acetylenic functionality m ay occur at either unsaturated carbon atom to 
g en erate  e ither a five or s ix-m em bered cyclic cation, 6  and 7 , respectively. 
Finally, capture of a terminating nucleophile, such as the chloride anion in this 
case, yields the 3-alkylidenetetrahydrofuran 8  or the 5,6-dihydro-2H-pyran 9. It 
w as our expectation that the cationic cyclization of this internal acetylene acetal 
would yield only the E-3-alkylidenetetrahydrofuran for reasons which follow.
Stang, Rappoport, Hanack, and Subram anian4a  have sum m arized a large 
body of evidence which shows that the secondary linear vinyl cation 1 0  is more 
stable than the secondary bent vinyl cation 11 (See Figure 3.) M olecular orbital 
calculations4 *3 show that the parent secondary bent vinyl cation is 50 kcal/mol 
higher in energy than the secondary linear vinyl cation. Thus, the proposed  
synthetic route shown in Figure 2 to selective formation of the 3-a lkylidenete­
trahydrofuran over the 5 ,6 -dihydro-2 H-pyran is expected due to the greater sta­
bility of the secondary linear vinyl cation of interm ediate 6 . However, the greater 
stability of the linear cation versus the bent cation is counterbalanced to some 
extent by the lower stability of the five-m em bered ring relative to the six-m em - 
bered ring.
The question arises as to w hether or not this differing vinyl cation stability 
has been effective in realizing control of the regioselectivity of five and six-m em ­
bered ring formation. Indeed, Johnson and coworkers^ have m ade extensive  
and fruitful use of the apparent differing stabilities of interm ediate carbocations. 
They have extensively and system atically investigated cationic cyclizations of
Figure 2. Cationic cyclization of the M EM  acetal of 3-pentyn-1-ol.
1 0 11
Figure 3. Representations of linear and bent vinyl cations.
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polyenes leading to the biomimetic synthesis of steroids. An exam ple of such a 
polyene cyclization is shown in Schem e 1 in which the polyene cyclization is 
initiated by a cationic center arising from the Lewis acid (tin tetrachloride) 
cleavage of an acetal linkage . 6  Cascading cyclizations lead selectively to a 
tetracyclic homosteroidal product. However, to realize the synthesis of steroid 
nuclei by cationic polyene cyclization, Johnson, et al. needed to develop  
cyclization term inators which would generate  a five -m em b ered  D-ring in 
preference to a six-m em bered ring. An effective cyclization term inator favoring 
five-m em bered ring formation is an internal acetylene as can be seen in the 
cyclization of 13 to give pregnenone as shown in Schem e 2 7  In this cyclization 
the initiating cationic center 14 is formed by protonation of the hydroxyl group of 
the ally lie alcohol followed by loss of water. Cascading cyclizations generate a  
tertiary cation 15  at carbon 13 of the nascent steroid nucleus. This carbon 13 
cationic center can then attack the final terminating acetylene to give either a five 
(16) or six-m em bered (not shown) final D ring. The observed result is complete 
selectivity for the five-m em bered ring through the use of a structural "handle" , 
i.e., the acetylenic group; this pathway to the five-m em bered D-ring passes  
through a secondary linear vinyl cationic interm ediate 1 6 . Final reaction with 
ethylene carbonate followed by hydrolysis yields the pregnenone. This structural 
result is consistent with the greater stability of the secondary linear vinyl cationic 
intermediate as suggested in the work summarized by Stang, et a l.4
Tw o additional exam ples reported by Johnson and cow orkers6  are pre­
sented in Schem e 3. In Schem e 3a dienynol 17 is treated with tin tetrachloride in 
benzene to give a stable tetramethylallylic cation 18 with loss of the tetrachloro- 
hydroxostannate(IV) anion which undergoes subsequent cyclization, presumably 
via the secondary linear cationic interm ediate 1 9  to give the 6 /5  fused ring 
product 2 0  exclusively. In this system the solvent functions as the terminating
8OSnCI4-
SnCU
pentane
OSnCl,
-  H
HO
(30 %  yield)
Scheme 1
F3CC02H
f2c hch3
-  30 °C 
-H20
1 4
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° Y °
o
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Scheme 2
■Ph
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SnCl,
benzene
OH SnCl4
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2° bent18
This product is not observed.
3 A
OH 21
CF3COOH
c h 2c i2
22
3 B
Scheme 3
11
nucleophile rather than a chloride anion from the tin tetrachloride. The trienynol 
2 1  in Schem e 3b undergoes cyclization with trifluoroacetic acid through a linear 
vinyl cation, to give exclusively the 6/5 fused ring product 22.
Thus, the theoretical and experim ental work on vinyl cation stabilities 
coupled with the success of the Johnson efforts in biomimetic cyclizations made 
us hopeful that a versatile selective route to 3-alkylidenetetrahydrofurans through 
acetylene-acetals might be realized. Furthermore, from the cyclization work of 
Johnson it appeared that the formation of the 3-alkylidenetetrahydrofurans might 
occur stereoselectively with formation of the anfr-addition product only. For ex­
am ple, in the cyclization of the enynol 11  (Schem e 4) with boron trifluoride as the 
Lewis acid, the resulting brominated product 23  was shown by single crystal X- 
ray diffraction to have the E  configuration at the alkene functionality which results 
from anf/'-addition in the terminating cyclization step.9
Specifically, work in this thesis involves the study of primarily steric effects 
on the control of product formation in the cationic cyclization of acetylene acetals 
promoted by the Lewis acid titanium tetrachloride. The acetylene acetals of con­
cern to this thesis are summarized in Figure 4. All acetylene-acetals contain the 
methyl acetylenic term inator which should favor the formation of the 3-alkyli- 
denetetrahydrofuran. However, steric factors may play an important part in miti­
gating the role of the more stable secondary linear vinyl cation in determining  
product distributions. The effects of alkyl substituents at the initiating cationic 
center (the a '  carbon) and at the a carbon of the alkynol from which the acetal 
was formed were investigated and will be discussed. Som e of these acetylene  
acetal cyclizations have been studied previously, but not published, in this re­
search group .3  The results of this work coupled with previous results will be in­
tegrated.
12
HO,
11
BF3OEt2
1,1 -dichloroethylene
12
2 3
X-ray
Scheme 4
13
R 3
TiCl4
CH
X X
Y - carbon = site of electrophilic attack producing five-membered rings
5 - carbon = site of electrophilic attack producing six-membered rings
Ri = H, R2 = H  
Ri = H, R2 = CH3  
Ri = CH3 , R2  = CH3  
R 1 = R 2 = spirocyclic (CH2)
R3  = H, CH 3
Figure 4. Acetylene-acetal cyclization substrates to be investigated for the 
selective synthesis of 3-alkylidenetetrahydrofurans.
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L ITER A TU R E R E V IE W
It has been a goal of Johnson and cow orkers^.l 0 to take open-chain  
polyenlc molecules and induce them to undergo a stereospecific, nonenzymatic, 
cationic cyclization producing polycyclic products with an all-trans ring fusion 
configuration, which is common to most polycyclic natural products. These  
polyene cyclizations imitate biogenetic transformations such as squalene pro­
ceeding to the polycyclic triterpenoid lanosterol, which is the major step in the 
synthesis of the steroid cholesterol (Schem e 5).
Early work of Eschenm oser et a l. 1 1 «12 directed at polyene cyclizations in­
volved initial protonation of a terminal olefinic bond of straight-chained polyenes 
such as 1 followed by cascading ring closure (Schem e 6 ). Complications arose 
in this method of acid-prom oted cyclizations of polyenes due to indiscriminate 
protonation of olefinic bonds leading to undesired ring formation and polymers. 
Johnson's interest in natural product synthesis, specifically by way of polyene 
cyclization, led to the investigation of polyenic substrates with functional groups 
which could generate a selective carbocationic center to initiate the total 
biomimetic synthesis leading to steroid nuclei. He investigated several initiators 
including sulfonate esters 2*13,14 ; acetals 3*| 5 ,1 6 j and allylic alcohols 4 1 7 >1 8  
(Schem e 7). Eventually, initiation of cationic cyclization in polyene systems  
proved most effective with allylic alcohols19 which upon protonation lose water to 
generate a stabilized cation such as 5.
In this review of the Johnson group's search for effective groups to control 
cyclization we will concentrate on those groups which lead to the production of 
five-m em bered versus six-m em bered rings. Such control of ring size is essential
15
epoxidation
s q u a le n e
HO
la n o s te r o l
HO
stero id  h o rm o n e s  <
' e s t r a d io l ,  
p ro g e s te ro n e ,  
t e s to s te r o n e ,  
c o r t is o n e ,  
e tc .
c h o le s te r o l
Schem e 5
16
COOCH3 h 2s o ,
HCOOH
..-OH
COOCH3  + "intractable oily mixture
5 - 10%
Scheme 6
17
HCOOH
Hh
o s o 2c 6h 4n o 2
2
OSnCl
OH
Scheme 7
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to producing the D ring as found in the structural framework of naturally occurring 
steroids (Schem e 5). Term inating groups leading to five-m em bered rings are of 
crucial interest to our goal of synthesizing 3-alkylidenetetrahydrofurans. The  
functional groups exam ined to term inate cyclization with final formation of a five- 
m em bered ring include isopropylidene, styrene, m ethylacetylene, phenylacety- 
lene, vinyl fluoride, allylsilane, and proparygylsilane.
Johnson and c o w o r k e r s 2 0 - 2 2  studied the isopropylidene unit as the termi­
nating functional group for polyene cyclization (Schem e 8 ). Initiating groups for 
these cyclizations included sulfonate esters (6 )2 0 , acetals (1 1 )2 1 , ancj ally lie al­
cohols (1 2 )2 2 . The acetolysis of the sulfonate ester 6  did not lead to promising 
results in favor of five-m em bered ring formation. The product mixture consisted 
predom inately of five six-m em bered ring monocyclic species derived from the 
interm ediate cation 7 which captures an external nucleophile. It appears, then, 
that the isopropylidene group here did not participate at all in nucleophilic attack 
at the carbocationic center; instead, a nucleophile from the solvent mixture pref­
erentially term inates the cyclization after the first ring is formed. To a limited ex­
tent the isopropylidene group does nucleophilicly attack the cationic center lead­
ing to the desired 6 /5  trans-hiseti system which corresponds to the C /D  ring nu­
cleus of steroids, but unfortunately three products, 8 - 1 0 , formed with a  combined 
yield of only 7 .6% . The use of isopropylidene with sulfonate esters has little syn­
thetic value since the total yield of cyclized products, in general, is too low and 
the reaction is not selective. Johnson and B r a d y 2 1 incorporated the terminal 
isopropylidene group as the polyolefinic acetal 1 1 .  Cyclization of this acetal gave  
rise only to polymeric materials for reasons which are not clear. O ne final system  
containing the isopropylidene term inating group as reported by P arker and  
J o h n s o n 2 2  w as the tetraenol 1 2  which did cyclize to a five-m em bered ring D 
though producing as the m ajor product the rearranged tetracyclic hydrocarbon
o s o 2c 6h4n o 2
H
2.2 %
-  HOSO2C6H4NO2
+
hV _
H
2.5 %
H
2.9 %
8 1 0
o o
\_ y
1 1
H i n t ra c ta b le  p o ly m e r i c  p ro d u cts
1 2
H
SnCU
CH2CI2 
-  78°
1 3
rearran g em ent
1 4
Scheme 8
2 0
14. This cyclized product 14 was thought to have arisen through the more stable 
of the tetracyclic carbocations 13 (Schem e 8 ), which is a tertiary carbocation and 
is accepted to be more stable than the corresponding secondary carbocationic 
intermediate expected if cyclization had produced a six-m em bered D ring.
Johnson and B u n e s ^ 3  investigated the use of the styryl functionality as 
the terminating group on the polyene in their continued pursuit to selectively form 
the five-m em bered ring in lieu of the six-m em bered ring. Use of the styryl func­
tionality was borne out of three considerations which seem ed to favor the desired 
five-m em bered product. Consider the polyene substrate 15 (Schem e 9) with the 
styryl functionality incorporated onto the terminus. First, the two possible cationic 
interm ediates, 16 and 17, show that the final electrophilic attack of the carboca­
tion on the olefin would favor formation of the five-m em bered ring product based 
on the stability of 16. The styryl functionality, with closure to form the five-m em ­
bered product, leads to a  benzylic cationic intermediate while closure to form the 
six-m em bered product leads to a secondary cationic interm ediate, 17. It is well 
accepted that the benzyl cation is much more stable than a corresponding non­
conjugated secondary cation because of the additional stability inherent in being 
further stabilized through resonance. Indeed, Johnson and B u n e s ^ 3  found that, 
for exam ple, when the trienol 18 was cyclized with trifluoroacetic acid in methy­
lene chloride, the bicyclic carbinol 19 with the desired trans-iuse6 6 /5  ring system  
was produced in 70%  yield (Schem e 9). The only cationic intermediate was the 
expected stable benzylic structure as previously described 16. Secondly, the 
term inal styrene provides an olefinic bond which is more nucleophilic than an 
isolated double bond. This advantage in nucleophilicity may enhance the cy- 
clization process by providing rapid final ring closure thereby diminishing side re­
actions. W e have already shown examples where the product mixture included 
polymeric material and incomplete cyclization products, for exam ple, monocyclic
21
crh.
1 6
I
1 7
c kh6 5
1 8
CF3OOOH
c h 2c i2
C g H s ^ O H
1 9
CcH,
HO,
20
SnCU
CH2CI2
ho
H
SnCI4HO,
23
21 2 2
“mainly polym ers” with up to 
50%  of 22 under high dilution
2 4H
Scheme 9
OH
c6h5
CF3COQH
CH2CI2
2 6
HO
2 7
80% with < 2% C/D cis fused
Scheme 9, con’t.
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products w here a  polycyclic product was desired. Thirdly, the nucleophilicity of 
the olefinic bond of styrene can be further enhanced through substitution onto the 
arom atic ring with electron donating groups. For exam ple, the para-m ethyl substi­
tuted styryl functionality also gave rise to the desired trans-iuseti 6 /5  ring system  
with an increased yield of 75%  com pared to the 70%  yield for the unsubstituted 
styryl terminating group. The maximum yield observed was 81%  with the use of 
the a-naphthyl g ro u p s  The utility of the styrene term inator proved effective in 
control of five-m em bered ring formation; how ever, efficient elimination of the 
arom atic  functionality in conversion of the cyc lized  product into natural 
substances is synthetically difficult.
O ne of the problems with the styryl terminators in the synthesis of steroid 
nuclei is that the polyene precursor and the tetracyclic benzylic cation are prone 
to yield polym ers and give rise to backbone rearrangem ents. Thus, Garst, 
Cheung, and Johnson2 4  found that substrate 20 gives 24 very poor yields of the 
polycyclic steroidal compound 21 with tin tetrachloride in methylene chloride. Up 
to 50%  yields of the rearranged 22 were obtained under the special conditions of 
high dilution. The maximum yield of 2 1  was 60%  using trifluoroacetic acid in 
m ethylene chloride at -50°. They subsequently found that the yield of the cy­
clization of substrate 2 0  with tin tetrachloride could be improved significantly by 
using an internal trapping nucleophile affixed to the arom atic ring of the styryl 
group as shown for polyene 23 in Schem e 9. In this latter reaction the resulting 
reactive benzylic cation is immediately captured by the proximal hydroxy group 
before subsequent undesireable polymerizations and rearrangem ents can occur. 
Finally, Johnson, Hughes, and Carlson2 ^ reported the cyclization of polyene 26 
produces a polycyclic product in good yield. Thus, the formation of undesireable 
side products is a very subtle problem; substrate 2 0  is prone to side reactions, 
yet the very similar polyene 26 gives a polycyclic product in good yield.
23
Propargylsilane as a terminating group was also investigated by Schmid, 
Huesm ann, and J o h n s o n ^ ,  it had been established earlier by Hughes, Schmid, 
and Johnson 27 that the allyIsilane group had functioned as a suitable term inat­
ing group for the desired cyclization. The success of the allylsilane group (to be 
discussed below) led Johnson et a/, to investigate the structurally related propar- 
gylsilyl moiety as a terminating group. The propargylsilyl entity through the 3-sili­
con effect stabilizes the five-m em bered cationic interm ediate by hyperconjuga- 
tion28 (Schem e 10-structure 30). The trienol 2 8 , when cyclized with trifluo- 
roacetic acid in m ethylene chloride, produced the desired frans-fused 5/6 steroid 
nucleus 29 in approxim ately 58%  yield. The observed product arises from inter­
m ediate 30  which is both a linear secondary vinyl cation and a 6 -silicon stabilized 
cation. The results obtained w arranted the possibility for further investigative  
work with variations of the propargylsilane substrates; however, additional work 
has not appeared.
The Johnson group success with the stereoselective formation of trans­
fused 6 /5  ring products from the cyclizations with terminating olefin groups, par­
ticularly the styryl group, led to investigation into other substituted olefinic entities. 
The styryl group as described earlier presented a problem with respect to subse­
quent synthetic utility with a relatively inert phenyl substituent located at C -17  of 
the cyclized product. Thus, the vinyl fluoride terminating group was studied by 
Johnson, Daub, Lyle, and N iw a29. Polyene 31 in Schem e 11 would produce the 
secondary carbocation 32  if six-m em bered ring closure occurred. Closure leading 
to the five-m em bered ring product produces the secondary cation 3 3 , but this 
cation is stabilized by resonance analogous to the resonance stabilization of the 
oxonium ion which has been described earlier in the Introduction in reference to 
the acetal cyclizations reported in this thesis. The gem inal fluoro-ester substitu­
te d  pattern is converted readily to a carbonyl group via basic methanol solution
2 8
SiMe-
2 9
SiMe^
SiMe.
3 0
S iM &3
Scheme 10
25
e
‘OH
3 1
CF3 COOH
CH2 C12
o
\P C C F 3
32
F
33
KOH
MeOH
Scheme 11
26
to give structure 34.
Early work by Peterson and K am at3 3  (1969 ) dem onstrated that the  
acetylenic bond participated in a solvolysis reaction of sulfonate esters 35  with 
ring closure as illustrated in Schem e 12. In these solvolysis reactions in trifluo- 
roacetic acid the five-m em bered ring products (trifluororacetates and tosylates) 
predom inate to a com bined extent of approximately 85:15. Since the five-m em - 
bered-ring product was not formed exclusively, Kam at and Peterson concluded 
that the transition state for the solvolytic reactions did not resemble strongly that 
of free secondary linear or bent vinyl cations. Nonetheless, the tendency toward 
selection of the five-m em bered ring prom pted Johnson, G ravestock, Parry, 
M yers, Bryson, and M iles3 "! to investigate the use of acetylenic terminators in 
polyene cyclizations to form a final alkylidenecyclopentane ring. The diolefinic 
acetylenic alcohol 36  (Schem e 13) was cyclized with formic acid in pentane. The 
exclusive formation of a trans-fused 6/5 fused-ring product 37  in this cyclization 
provided an approach for the synthesis of the trans-fused C /D  ring portion of 
steroids. An extension of this work led Johnson, Gravestock, and M cCarry3 3  to 
investigate the participation of the methylacetylene term inator in the synthesis of 
natural product d,l-progesterone. The polyunsaturated carbinol 38  was cyclized 
by trifluoroacetic acid in an ethylenecarbonate-dichlorom ethane mixture forming, 
after hydrolysis, the tetracyclic ketone 39. This cyclization formed exclusively the 
frans-fused five-m em bered D ring. Further treatment of 39  via ozonolysis and an 
in tram olecu lar aldol condensation gave d ,l-p ro g es te ro n e . Johnson and  
coworkers3 »3 3  reported additional examples of acid-prom oted cyclizations of the 
diolefinic acetylene alcohol 3 6  to produce the bicyclic cation 4 0  which is then 
captured by various nucleophiles such as nitroalkanes, benzene, and acetonitrile 
all of which w ere the solvents for the cyclization; furtherm ore, an internal trap 
affixed to 36  (similar to that employed in substrate 23) is com pletely effective at
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capturing the five-m em bered cationic intermediate such as that seen in Schem e  
9. T h ere  are  two cationic interm ediate possibilities which arise from the  
cyclization of 3 6 , the bicyclic trans-iused 6 /5  vinyl cation 4 0  and the bicyclic 
frans-fused 6 / 6  cation 41. The intermediate 4 0  is a secondary linear vinyl cation 
and is accepted to be more stable than the secondary bent vinyl cation 4 1 . It 
was found that the fate of the preferred cation 40 was altered in the absense of a 
good n u c l e o p h i l e . 3 4  The diolefinic acetylenic alcohol 36 that had given the trans­
fused  6 /5  C /D  ring products 4 2 as described above w as found to give  
predo m inan tly  the traps -fused C /D  chlorodiene 4 3  w hen cyc lized  with 
trifluoroacetic acid in methylene chloride where the solvent was the source of the 
terminating chloride nucleophile. The role of nucleophilicity in the stereoselection  
of five versus six-m em bered ring formation with polyenic cyclizations was  
exhaustively investigated, and they concluded that in the absense of a good 
nucleophile  the linear vinyl cation undergoes an equilibration with the  
therm odynam ic product, the secondary bent vinyl cation being form ed via a 
W ag n er-M eerw e in  rearrangem ent. As reported by Johnson et. al 3 4 b f ^ e 
cyclization of the trienynol 44  with stannic chloride in 1 ,1-dichloroethylene forms 
a  mixture of the five- and six-m em bered ring products 4 5 -4 7  in 8 8 %  and 12%  
yield, respectively. Modifications to the terminating acetylenic group and nucle- 
ophilic solvent competition as shown dem onstrate the challenge of stereoselec­
tive control for the construction of five-m em bered rings.
The use of methylacetylenic terminators in polyene cyclizations to form the 
6/5  C /D  steroid juncture has been well established as described above. The d e­
sired product yields approaching 70%  as in the cyclization of polyenyne 38 with 
trifluoroacetic acid in an ethylene carbonate-m ethylene chloride mixture; the re­
maining constituents of the reaction mixture were olefinic byproducts arising pre­
sumably from the loss of a proton from a trienic intermediate. The question of
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w hether a more nucleophilic terminator than an alkylacetylenic group would boost 
the product yield of the steroid structure prom pted Johnson, Hughes, Klock, 
Niem , and S h e n v i ^ S  to investigate the participation of the phenylacetylenic group 
in polyene cyclization. The trienol 48 was cyclized with trifluoroacetic acid in 
m ethylene chloride and gave a mixture of tetracyclic ketones 49 -52 , approaching 
80%  yield (Schem e 14). Isomers 49 and 50 have the C /D  fraas-fused ring con­
figuration while isomers 51 and 52  have the C /D  c/s-fused ring configuration. In 
this investigation it was found that the relative ratio of the desired C /D  trans-fused 
ring product found in naturally occurring steroids to c/s-fused is 4:1. This ratio of 
the natural trans to "unnatural" cis steroid configuration w as not affected by 
changing reaction conditions or the use of ” e l e c t r o - d i v e r g e n t ” 3 5 b  substituents 
(such as p-fluoro and p-m ethoxy) on the phenyl group. The phenylacetylenic  
terminator, then, was found to produce the desired 5/6  ring product in higher yield 
than the analagous cyclization with the m ethylacetylenic term inator, but the 
stereoselection for the trans-fused 5/6 ring junction w as disappointing. There  
w ere no olefinic byproducts found derived from incomplete cyclization as found 
with m ethylacetylenic term inator participation. The discovery of approxim ately  
20%  product yield of the unnatural cis-fused 5/6 steroid nucleus led Johnson et. 
at to review carefully earlier acetylenic terminator cases for the presence of c/s- 
fused ring products. Their reevaluation found that all cyclizations of this type 
generally lead to products contam inated with the C /D  c/s-fused ring isomers. This 
problem  of com plete stereoselection for the frans-fused ring juncture in the 
cyclization of substrates such as 3 8  and 4 8  w as achieved by replacing the 
phenylacetylenic term inator with the stryryl group as the final quenching entity. 
T h e efficacy of the styryl group for selection of five -m em bered  rings was 
discussed earlier (see Schem e 9).
4 9 5 0
CF.COOH
OH 4 8 QcH.C<H,
5 2
Scheme 14
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O verm an, Castaneda, and B lu m e n k o p f^ S  reported successful selective 
synthetic routes to seven, six, and five-m em bered 3-alkylidene-oxacyclic struc­
tures via the Lewis acid acetal-initiated cyclization of vinylsilanes. It is the selec­
tive formation of the five-m em bered rings which are of particular interest to us. 
The B-silyl functionality has singular properties, as detailed by O verm an and 
Blum enkopf,37 which made it a special candidate for terminating cyclizations. As 
illustrated in Schem e 15, cyclization of the vinyl acetal 5 3c  forms the five-m em ­
bered alkylidenetetrahydrofuran 56c  at 81%  yield with high stereoselectivity for 
the E  diastereom er. The stereoisomeric vinyl silanes 53a ,b  when cyclized under 
identical conditions also form the five-m em bered ring products 5 6 a ,b  in good 
yields but as a mixture of olefinic stereoisomers. The vinylsilane favors the for­
mation of the five over six-m em bered ring carbocation by the 0 -silicon effect 
w here the silicon-carbon sigm a bond donates electron density onto the  
neighboring secondary carbocationic center. This effect has been described in 
valence bond terminology as hyperconjugation. (See structure 54  in Schem e  
11.) The six-m em bered tertiary carbocationic interm ediate, though the more 
highly substituted cation, does not share this sam e stability by hyperconjugation. 
In fact, because of silicon's electropositive character in the carbon-silicon sigma 
bond, the a-sily l carbocation (generated in the cyclization leading to the six- 
m em bered ring) is destabilized relative to replacem ent of the silicon group with 
an alkyl substituent. Anothe benefit of the vinylsilane moiety is its stability to­
w ard electrophiles, nucleophiles, oxidizing and reducing agents; this can be 
useful where a multi-step synthesis preceeds intramolecular ring closure. One fi­
nal feature is the rapid loss of the B-silyl substituent relative to the 6 -hydrogen 
and before the nucleophile can capture the B-silyl carbocation which allows for a 
single cyclization product, that is, selection for the five-m em bered ring product.
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Based on the pioneering work of Flem ing, Pearce, and S n o w d e n ,3 8  
Johnson, Chen, and Kellogg33 chose to modify familiar polyenic acetals 57 and 
5 9  using the allylsilane functionality as the term inating group (Schem e 16). 
Acetals 57  and 59  produce in good yield the tetracyclic products 58  and 60, re­
spectively, both with a six-m em bered D ring. The cyclization of the silyl-substi- 
tuted acetals 61 and 64 with stannic chloride proceeds regiospecifically and di- 
astereospecifically (with regard to ring fusion and the five-m em bered D ririg) to 
give a  com plete steroid nucleus (63, 65 ) with yields of 35%  and 60% , respec­
tively. The strong directing effect of the trim ethylsilyl group observed by 
O verm an et al. and Fleming et al. is still maintained in these significantly more 
com plicated polyene systems. No subsequent work with allylsilane terminators 
has been reported by Johnson other than these limited but cogent examples.
W hile there are a several routes to the selective formation of five-m em ­
bered rings over six-m em bered rings in cationic polyenyne cyclizations that have 
been studied by Johnson and coworkers, the use of the m ethylacetylenic  
term inator is most appealing for the goal of this thesis research, that is, the 
synthesis of 3-alkylidenetetrahydrofurans. This terminating acetylene allows for 
variation of the alkylidene fragm ent by way of the num erous readily available 
hom opropargyl alcohols. And when using Lewis acids such as titanium  
tetrachloride or tetrabrom ide, this route allows for the placem ent of a  halogen 
atom  (chlorine or bromine) on the exocyclic double bond which can serve as a 
functional handle for further structural elaboration. One of the striking features of 
the work of the Johnson group on the internal acetylenic terminators is that the 
steric constraints among all of the substrates studied are relatively constant. 
Every exam ple of an internal acetylene being electrophilically attacked by a 
cationic center involves a cationic center which is tertiary and of the basic 
structure illustrated for 66 in Schem e 17. W hile there is the evidence suggesting
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a significantly greater stability of the secondary linear vinyl cation over the 
secondary bent vinyl cation as presented earlier, it m ay be that in such 
elaborately substituted systems, such as these steroid-like systems studied by 
Johnson et al., that steric effects may be a determining factor in favoring five- 
m em bered ring formation. There should be greater steric repulsion between the 
alkyl (usually methyl) substituent of the acetylene and the "C-13" substituents in 
the formation of the six-m em bered ring 68 than between these entities in the 
formation of the five-m em bered ring 67. Thus, in systems where there is less or 
no substitution at the cationic center just prior to final ring closure, the difference 
in the difference in the free energies of activation may be very small or actually 
favor the s ix -m em bered  ring product form ation. (Johnson et. al. have  
dem onstrated that these cyclization reactions are kinetically controlled.)
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E X P E R IM E N TA L S E C TIO N
Materials and Reagents. The alkynols, 3-pentyn-1-ol and 4-pentyn-2-ol, 
w ere purchased from Alrich Chem ical Com pany, Inc. and w ere used without fur­
ther purification. G as chromatographic analysis indicated that the alkynols were  
> 98%  pure based on uncorrected area ratios. M EM  chloride and N,N-diisopropy- 
lethylam ine used in the formation acetal w ere obtained form Aldrich and used 
without additional purification. The acetal formed form ethyl vinyl ether and 4- 
hexyn-2-o l w as used as prepared by L. M. Robinson.3 All solvents, except 
tetrahydrofuran, were purchased from Fisher Scientific and distilled over phos­
phorous pentoxide under dry nitrogen before use; tetrahydrofuran was distilled 
over sodium. Cyclopentanone was purchased from Fisher and use as received, 
lodom ethane, butyllithium (2.5 M in hexanes), 2 ,2-dim ethoxyethane, and cyclo- 
hexanone w ere also purchased form Aldrich and used as received. Decalin, a 
mixture of cis and trans isomers, and 2-(chlorom ethyl)tetrahydrofuran were ob­
tained from Fisher and Lancaster (7725 ), respectively; these com pounds were  
used as received as internal standards for quantitative gas chrom atographic  
analysis.
Characterization. Q uantitative gas chrom atographic analysis was per­
formed using a Hewlett Packard Hp 5890 instrument equipped with a  25  m by 25 
mm SPB-1 (5%  phenyl-methyl silicone) capillary column and linked to a  Hewlett 
Packard 3396A  integrator. The internal standard technique used is detailed in 
the Appendix (A -1). G as chrom atographic-m ass spectral analyses w ere per­
formed with Hewlett Packard instruments 5 97 1A and 5988A . In all of the acetal
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cyclization experim ents it has been assum ed that the six-m em bered ring elutes 
first, followed by the E and Z five -m em bered  rings, respectively; the E and Z e lu -  
tion order has been established by Dockery as cited in the references to the 
Table.
Preparation of the Acetal Formed from Ethylene Glycol and 
Cyclohexanone. A 3-m L single-necked round bottom flask was equipped with a 
m agnetic stirring bar, a Dean Stark trap, a condenser, and nitrogen gas inlet. 
The system was flushed with nitrogen for 5 min. Ethylene glycol (20 ml_, 360  
mmol), cyclohexanone (19 ml_, 183 mmol), benzene (70 ml_), and p-toluene sul­
fonic acid (ca. 1.0 mmol) were added to the reaction flask in no particular order. 
The reactants w ere refluxed under nitrogen for 4 h. A gas chrom atogram  
(capillary) indicated that the reaction w as com plete, i.e., no cyclohexanone re­
mained. Tw enty mL of 10%  sodium hydroxide solution was added to the reaction 
flask. The contents of the reaction vessel were transferred to a separatory fun­
nel. The lower aqueous layer was rem oved and discarded. The organic layer 
was dried over magnesium sulfate and filtered. The filtrate was stripped of sol­
vent by rotary evaporation. Sodium carbonate was added to the product to 
m aintain basicity. The product w as then fractionally distilled under vacuum  
through a 5"-Vigreaux column. Three fractions were collected with the main frac­
tion (ca. 25 mL, 86%  yield) collected between 52-53° C at a pressure of 0 .8  mm 
of Hg. A gas chromatogram found the main fraction to have a 98 .8%  purity of the 
title acetal. The H 1-N M R  (Appendix A-2) is consistent with the product. The ac­
etal w as stored over sodium carbonate.
Preparation of the Acetal Formed from Ethylene Glycol and 
Cyclopentanone. The sam e procedure used to prepare the acetal formed from
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ethylene glycol and cyclohexanone described above was used for this prepara­
tion. In this case ethylene glycol (21 mL, 375  mmol), cyclopentanone (16 mL, 
180 mmol), benzene(100 mL), and p-toluene sulfonic acid (ca. 1 mmol) were the 
reactants refluxed for 4 h. The product acetal (ca. 20 mL) was fractionally dis­
tilled at 43° C and 0.7  mm Hg. The product was isolated at 78%  yield and was  
99 .7%  pure by glc. The H 1 -N M R  (Appendix A-3) is consistent with the product.
P rep ara tio n  of the 2 -M e th o xye th o xy m eth y l E ther o f 4 -P en tyn -2 -o l. A
three-necked 250-m L round bottom flask was equipped with magnetic stir bar, ni­
trogen gas inlet, addition funnel, and stopper. The flask and addition funnel were 
flushed with nitrogen for 5 min prior to the addition of the reagents. Methylene  
chloride w as added to the flask and addition funnel in amounts of 70 mL and 20 
mL, respectively. 4-Pentyn-2-ol (12 mL, 127 mmol) was added to the flask fol­
lowed by methoxyethoxymethyl chloride (16 mL, 140 mmol). The reaction flask 
was then cooled to 0° C using an ice-water bath. Diisopropylethylamine (25 mL, 
143 mmol) w as added into the addition funnel where the am ine-m ethylene chlo­
ride solution was added dropwise from the funnel over a 15 min periold. The  
reation flask was removed from the bath and allowed to react at room tem pera­
ture for 1 h. The reaction was quenched with 100 mL of 10%  acetic acid, and the 
organic layer was extracted four times with 50-m L portions of 10%  acetic acid to 
remove the excess diisopropylethylamine and its hydrochloride salt. The organic 
layer w as dried over m agnesium  sulfate, filtered into a  300-m L round bottom  
flask. The solution was then stripped of m ethylene chloride at the rotary 
evaporator. A small am ount (ca. 1 mL) of m ethylene chloride was used to 
transfer the product residue into a 1 0 -m L pear-shaped flask. The title acetal ( 1 0  
mL) was then isolated by fractional distillation at 120-127° C at 30 torr and found 
to be 85%  pure from glc areas. O ther preparations gave purities as low as 71% .
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The impurities were eventually characterized as addressed in the Results and  
Discussion section.
Modification to the Preparation of the 2-Methoxyethoxymethyl Ether 
of 4-Pentyn-2-ol. The previous procedure was duplicated with some modifica­
tions, and the course of the reaction was carefully followed via glc analysis. The  
following quantities were used in the acetal preparation: 4-pentyn-2-ol (11.5 mL, 
122 mmol); m ethoxyethoxym ethyl chloride (16 mL, 140 mL); diisopropylethy­
lam ine (25 mL, 143 mmol); and methylene chloride (90 mL). The reaction was 
allowed to proceed for 17 h after which glc analysis showed relative percent ra­
tios of alcohol to acetal to be 9 to 91, repectively. In an attempt to force the reac­
tion toward further acetal formation, 100 mL of hexanes w ere added to the reac­
tion flask. Analysis by glc immediately after hexane addition showed the ratio of 
alcohol to acetal to be 1.6 to 98 .4 , respectively. Thereby, acetal formation was 
enhanced with this modification of hexanes addition. The reaction mixture was 
stirred after the addition of hexanes for 6 .5  h after which an additional 100 mL of 
hexanes was added. M ethylene chloride was rem oved substantially by rotary 
evaporation. An oily residue in hexanes resulted. The flask was cooled with stir­
ring in an ice-w ater bath for 30  min resulting in the crystallization of the diiso- 
propylethylam m onium  chloride. This am ine salt was then filtered and washed  
with hexanes via a Buchner funnel. The filtrate was w ashed twice with 50-m L  
portions of 10%  acetic acid. The hexanes solution was dried over magnesium  
sulfate, filtered, and the solvent was removed by rotary evaporation. The remain­
ing liquid was fractionally distilled as described previously. G lc analysis indicated 
the acetal was 95%  pure.
Preparation of the 2-Methoxyethoxymethyl Ether of 4-Hexyn-2-ol via
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the Methylation ol the 2-Methoxyethoxymethyl Ether of 
4-Pentyn-2-ol. A three-necked 250-m L round bottom flask w as equipped with a 
m agnetic stirring bar, a nitrogen gas inlet, an addition funnel, and a  stopper. The 
flask and addition funnel were purged with nitrogen for 5  min prior to the addition 
of the regents. Tetrahydrofuran (100 mL) was added to the flask followed by the 
addition of the 2-m ethoxyethoxym ethyl ether of 4-pentyn -2-o l (15  mL, 78 .5  
mmol). The tem perature of the reaction flask was cooled to -63° C  with a liquid 
nitrogen generated chloroform slush bath. n-Butyllithium (37 mL, 92 mmol) was 
transferred via cannula to the addition flask and then added to the reaction flask, 
dropwise, over a 20 min periold. The reaction was allowed to proceed for 30 min. 
The reaction vessel was then removed from the bath and w arm ed to room tem ­
perature in order to enhance metallation. The vessel was then returned to -63° 
C, and tetrahydrofuran (20 mL) and the alkylating agent, iodom ethane (6.5 mL, 
104 mmol), w ere transferred to the addition funnel via syringe and added drop- 
wise over a 10 min period. The reaction was allowed to proceed for 45 min with 
glc analysis used to indicate the extent of methylation to the acetal.
After 15 min glc analysis showed 79%  to 21%  of unm ethylated to methy­
lated acetal, repectively. At 45 min of reaction time the methylated acetal was 
ca. 100%  related to the starting acetal. The reaction w as quenched with satu­
rated am m onium  chloride (100 mL) and added rapidly through the addition fun­
nel. An earlier preparation of the methylated acetal em ployed the use of sodium 
saturated 1 M hydrochloric acid in quenching and extraction of the organic layer. 
It w as found after distillation that significant decomposition of the desired methy­
lated acetal had transpired, presumably due to acid promoted acetal decomposi­
tion at the distillation tem perature. In order to alleviate this problem, care was 
taken to maintain a higher pH level via a  saturated am m onium  chloride quench; 
sodium carbonate (to maintain a basic solution) and magnesium sulfate (to dehy­
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drate the solution) were added to the product residue and filtered. The filtrate 
w as then stripped of tetrahydrofuran by rotary evaporation. A short path distilla­
tion of the crude product over sodium carbonate was carried out. The acetal was 
isolated (ca. 7 .5  mL) at 137-139° C and 29 torr and found to be 88 .4%  pure by 
glc analysis.
Procedure for the Cyclization of 3-Pentyn-1-ol via Transacetalization 
with the Acetal Prepared from Ethylene Glycol and Cyclohexanone. A 100- 
mL three-necked round bottom flask was equipped with a m agnetic stirring bar, 
stopper, addition funnel, and nitrogen gas inlet. The system was flushed with ni­
trogen for ca. 5 min. M ethylene chloride (50 mL, 20 mL) was added to the flask 
and addition funnel, respectively. The title acetal (28 mmol) and 3-pentyn-1-ol 
( 1 2  mmol) w ere added to the reaction flask in no particular order since they do 
not react with one another in the absence of an acid. The Lewis acid used in this 
cyclization, titanium tetrachloride (2.2 mL, 20 mmol,) was added to the addition 
funnel. The reaction mixture was then cooled with stirring and maintained at -45° 
C by a liquid nitrogen-chlorobenzene slush bath for the duration of the reaction. 
The titanium tetrachloride-m ethylene chloride solution was added dropwise over 
an ca. 10 min period. The reaction mixture was allowed to proceed for ca. 2 h. 
The reaction was quenched with addition of 3 mL of methanol followed by 20 mL 
of a  sod ium  chloride sa tu ra ted  solution of hydrochloric  acid (1 N). 
Decahydronapthalene (4.4 mmol) was added as an internal standard. The prod­
uct mixture was analyzed by gas-liquid chromatography and mass spectrometry. 
Gas-liquid chrom atography showed a single product peak with a 92%  yield; a 
duplicate cyclization also indicated a single product peak with 95%  yield. Mass 
spectrom etry (Appendix A -3,4) indicated that only one isomer, the peak with a 
tim e of 11.5  min on a 30 m SPB 5 capillary column (5%  phenylmethyl silicone) is
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present in this cyclization. O ther minor peaks do not appear to be isomers from 
the mass spectral data. To ascertain that the m ajor product peak at 11.5 min 
w as due to a  single compound, a  sample was run isothermally at a low tem pera­
ture such that the sam ple em erged after 27 min (Appendix A -4). The peak re­
m ained single indicating the expected single stereoisomer.
Procedure for the Cyclization of 3-Pentyn-1-ol via Transacetaiization 
with the Acetal Prepared from Ethylene Glycol and Cyclopentanone. A 100- 
mL three-necked round bottom flask was equipped as described in the previous 
reaction. M ethylene chloride (50 mL, 20m L) was added to the reaction flask and 
the dropping funnel, respectively. The acetal (25 mmol) and 3-pentyn-1-ol (12 
mmol) w ere added to the reaction flask, and the flask was then cooled to -63°. 
Titanium tetrachloride (20 mmol) was added through a dropping funnel. The re­
action w as then treated as described in the procedure above. Three separate  
reactions w ere run. G as chrom atographic-m ass spectral analysis showed no 
product ethers. Repeating the reaction at -45° yielded a  com plicated gas chro­
m atogram. The mass spectrum of chromatographic peaks in the product region 
showed that only one peak had the correct parent m ass (Appendix A -5). The  
yield of this single product peak was estimated by standard gas chromatography 
to be in the range of 30 %  to 50 %  versus decalin as an internal standard. The  
uncertainty in the yield is due to several overlapping peaks and the difficulty in 
making exact assignments.
Procedure for the Cyclization of 3-Pentyn-1-ol via Transacetaiization 
with 2,2-Dimethoxypropane. A 100-m L three-necked round bottom flask was 
equipped with a m agnetic stirring bar, stopper, addition funnel, and nitrogen gas 
inlet. The system was flushed with nitrogen for ca. 5 min. M ethylene chloride
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(45 mL, 15 mL) w as added to the flask and addition funnel, respectively. 2 ,2- 
Dim ethoxypropane (28 mmol) and 3-pentyn-1-ol ( 1 2  mmol) w ere added to the 
reaction flask in no particular order since they do not react with one another in 
the absence of an acid. Titanium tetrachloride (1.4 mL, 13 mmol,) was added to 
the addition funnel. The reaction mixture was then cooled with stirring and 
m aintained at -45° C by a liquid nitrogen-chlorobenzene slush bath for the dura­
tion of the reaction. The titanium tetrachloride-m ethylene chloride solution was 
added dropwise over an ca. 1 0  min period. The reaction mixture was allowed to 
proceed for 2 h. The reaction was quenched with addition of 5 mL of methanol 
followed by 20 mL of a  sodium chloride saturated solution of hydrochloric acid (1 
N). The product mixture was analyzed by gas-liquid chrom atography and mass 
spectrom etry. Gas-liquid chrom atography showed two product peaks with a 
com bined 93 %  yield. G C -M S  data (see Appendix A -6 ) of a reaction mixture run 
at 0 °did not show a second isomer either due to lack of resolution or a diminution 
in one of the products; nonetheless, the average m ass spectrum over the chro­
m atographic peak was entirely consistent with the product ethers show in the 
Table.
Procedure for the Cyclization of 4-Hexyn-2-ol via Transacetaiization 
with 2,2-Dimethoxypropane. A 100-m L three-necked round bottom flask was 
equipped as described in the previous experiment. 2,2-D im ethoxypropane (6.5  
mmol) and 4-hexyn-2-ol (4.7 mmol) were added to the reaction vessel containing 
45 mL of m ethylene chloride. The reaction flask was cooled to - 6 3 \  Titanium  
tetrachloride (13 mmol) dissloved in 15 mL of m ethylene chloride was added  
slowly from the dropping funnel. The reaction proceeded at -63° for 50 min 
whereupon the tem perature w as increased to -45°. After 45  min at the higher 
tem perature, the reaction was treated as detailed in the previous transacetaliza-
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tion reaction. G as chrom atographic analysis indicated a yield of 28 %. This was 
substantially lower than the 93  %  yield when the reaction was run at 0 ° .3  The ra­
tio of furan to pyran product rem ained essentially the sam e as seen in the Table.
Procedure for the Cyclization of the Acetal of 4-Hexyn-2-ol and Ethyl 
Vinyl Ether. A 100-m L three-necked round bottom flask was equipped as above 
except that a rubber septum  replaced the dropping funnel. The flask was  
charged with 40 mL of m ethylene chloride and 5 mmol of titanium tetrachloride 
under an atm osphere of nitrogen. After cooling to -63°, 1.4 mmol of the acetal 
was added dropwise via syringe through the septum. The reaction was run for 1 
h after which it was term inated by the addition of 5 mL of methanol followed by 
20 mL of 1 N HCI saturated with sodium chloride. G as chromatographic analysis 
with tetrahydropyran-2 -methyl chloride as the internal standard gave the products 
and yields shown in the Table of the Results and Discussion section.
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R ESU LTS AND D IS C U S S IO N
Several workers in the Thompson group have been involved in studies of 
conditions leading to the selective formation of 3-alkylidenetetrahydofurans from 
the cationic cyclization of internal acetylenic acetals derived from homopropargyl 
alcohols.3 The general reaction is illustrated below in which a Lewis acid such 
as titanium tetrachloride generates an oxocarbocation which then electrophilically
R-2 R3 ^-4
V
RxO O
Lewis acid R
X
•4
+
X
R,
attacks the alkyne functionality. Two intermediate cyclic cations can be formed: 
a six-m em bered endocyclic secondary bent vinyl cation and a five-m em bered  
exocyclic secondary linear vinyl cation. (S ee  Figure 2 of the Introduction.) 
Capture of a  terminating nucleophile by these respective intermediates leads to a 
5,6-d ihydro-2H-pyran and E  and Z-3-alkylidenetetrahydrofuran. W hile prelimi­
nary results have been com m unicated at Am erican Chem ical Society m eet­
i n g s , t h e  studies w ere never satisfactorily concluded. It was a goal of this 
research to bring together these earlier results with new efforts to understand 
how regioselectivity in the cationic cyclizations could be controlled. The  
contributions of earlier workers are clearly cited in the footnotes to the Table  
which contain the cyclization data results.
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Table
Titanium Tetrachloride-Promoted Cyclizations o f Selected Homopropargyl Acetals 
Acetal Temp. Overall 
(°C) % Yield
Ratio
6:5
Ratio 
E : Z
o o o
Me
-  63 82
Me Me
41:59 ci ci 35:65
o o o 
2 V -Me
M e—= — '
- 6 3 a,d 72 Me
69:31
O. .Me ^ ° v ^ M e
Me>/^
Cl Cl 35:65
a
Me- 45
63e
52
45
Me MeMe
Me Me
24:76
23:77
88:12
93:7
1 .^  O 'O  
4  \ — Me
M e — s = — / 63c
63a
78
89
35:65
35:65
M e . .O .  Me Me
91:9
92:8
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Table
Titanium Tetrachloride-Promoted Cyclizations o f Selected Homopropargyl Acetals
Acetal Temp. Overall Ratio
(°C) % Y ield  6:5
Ratio 
E : Z
■ o X r
OH
Me
- 4 5 c,h 93
Me
M e -^ 5^
Cl
0:100
Me
• PM e *~ f
Cl
87:13
■ o x ;
+
Me
OH
y — Me
c .f45
0 a’g
28
91
Me
Me'
Me'
Me
17:83
15:85
ci
Me
M e ^
Cl
Me
100:0
100:0
Footnotes to Table
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a) Results from Laura M. Robinson, Honors Thesis, College of William and Mary, 1990.
b) Results from Rhonda C. Winstead, M.A. Thesis, College of William and Mary, 1986. 
(Windstead's results at 0° were verified by Kevin P. Dockery, M.A. Thesis, College 
of William andMary, 1989.)
c) Data from this work.
d) Data from Kevin P. Dockery as in footnote b above and from Nancy T. Lane,
Honors Thesis, College of William and Mary, 1987.
e) Data from Rhonda C. Winstead as above from three separate runs.
f) The reaction was held at -63° for 50 min and then raised to -45° for 45 min. 
Substantial starting alcohol remaiined unreacted.
g) The reactants were mixed at -63° after which the solution was allowed to warm to 0° 
where it was maintained for 45 min.
h) The reaction was run at 45° for 2  h and then allowed to warm to 22° whereupon it was
quenched. There was no difference between a sample quenched at 45° after 2 h and the 
final quenched sammple..
i) Data from this work.
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As reported earlier in the Introduction and Literature Review (Figure 2), the 
selectivity observed for 3-a lkylidenetetrahydrofurans versus 5,6-d ihydro-2/-/- 
pyrans varies betw een 55  and 100 percent, respectively. From the first 
experim ent involving the cyclization of the M EM  ether of 3-pentyn-1-ol it was  
clear that we w ere not going to see the selectivity for the five-m em bered ring 
form ation reported by Johnson and cow orkers with internal ace ty len ic  
terminators. Thus, a series of experiments was designed to investigate primarily 
steric factors (non-bonded repulsive interactions and torsional strain) in 
controlling selectivity. These steric factors might be of greater influence than the 
selectivity directed by the greater stability of the secondary linear vinyl cationic 
intermediate relative to the secondary bent vinyl cationic intermediate.
Our strategy w as to introduce steric constraints into our acetal substrates 
via variations in substituent size at the a '  and a  positions as shown in Figure 5. 
The a '  position was exam ined and reported in order of increasing substituent 
size as follows: hydrogen/hydrogen, hydrogen/methyl, methyl/methyl, and cyclo- 
hexylidene. Substitution at the cC site was exam ined both with the unsubstituted 
a  site (hydrogen/hydrogen) and the methyl substituted a  site (methyl/hydrogen). 
W e thought that we could enhance regioselectivity for the furan over the pyran- 
based product with increasing substituent size introduced at the a' position. As 
shown schem atically in Figure 5, the oxocarbocationic interm ediate will elec- 
trophilically attack at either the 5 or y  position. With attack at either position we 
must consider the sum of the van der W aals  radii between the terminal methyl 
group (from the internal acetylene) and substituents occupying the a '  position 
and ask whether a repulsive interaction begins to exert an influence on regiose­
lectivity. W e know that steric hindrance of this type could be significant in the 
form ation of the pyran product because of the close proximity of the oC and 5 
sites; it would be of lesser importance in the pathway leading to the furan product
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y - carbon = site of electrophilic attack producing five-membered rings 
5 - carbon = site of electrophilic attack producing six-membered rings
Other symbols are the same as in Figure 4.
Figure 5. General representation of acetylene-acetal cyclization substrates investigated 
for the selective synthesis of 3-alkylidenetetrahydrofurans.
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where the terminal methyl group is distanced further from the a '  location. W e be­
lieve that substitution variation can adjust the repulsive interactions to our advan­
tage in regioselectively forming the 3-alkylidenetetrahydrofuran product.
W hile we expect the a  position substituents to be removed far enough in 
space so as not to interact with the terminal methyl group of the acetylene acetal, 
it is in significantly close proximity to both the a' and the 3 position of both 
products. W ith respect to this a  position we would expect the unsubstituted  
cases to show no additional steric effects other than the fact that the non-bonded 
interactions between a  and 3 sites are greater in the five-m em bered ring than in 
the six-m em bered ring where the dihedral or torsional angles are optimal. This 
would increase the enthalpy of activation for formation of the five-m em bered ring 
relative to the six although the entropy of activation will favor five-m em bered ring 
form ation. An alkyl-substituted a  carbon introduces more pronounced non­
bonded interactions. These repulsive interactions should be greater in the five- 
m em bered ring and thus favor the formation of the dihydropyran. There are also 
1 ,3-diaxial interactions between the substituents on the a  and c(  carbon atoms. 
These interactions ought to be somewhat more pronounced in the six-mem bered  
rings relative to the five-m em bered rings as the pseudoaxial positions are canted  
aw ay from one another in the five-m em bered rings. W hile probably not a factor 
in controlling furan versus pyran formation, the 1 ,3-diaxial interactions in the 
transition states leading to cyclic products do have a dom inant role in giving 
cyclic ethers with the cis configuration at the carbon atom s contiguous to the  
oxygen. This will be discussed with further detail later.
As the nonbonded repulsive interaction betw een the oC and term inal 8  
methyl group from the initial alkyne increases in the cyclic transition state, we  
would expect the carbocationic center to preferentially attack at the y-carbon in 
order to minimize the steric hindrance and thereby preferentially form the 3-alkyl-
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idenetetrahydrofuran. Furtherm ore, for the sam e rationale of increased steric 
crowding at the oC position used above, we would expect the terminating halide 
nucleophile to prefer to add anti to the initial cation attack leading to stere­
oselective formation of the E  isomer. With respect to E /Z  stereoselectivity, it 
does not seem  likely that the a-m ethyl should exhibit any directing potential 
toward the incoming terminating nucleophile since the center for nucleophilic 
attack is four carbon atoms away.
The results of the titanium tetrachloride assisted cyclizations investigated 
are displayed in the Table shown earlier. The reactions investigated have been 
presented in order of homoprogargyl acetals with increasing substituent size at 
the acetal linkage. Each case of substitution at the acetal carbon is shown with 
an unsubstituted a  carbon (odd-num bered entries) and a methyl-substituted a  
carbon (even-num bered entries). The data presented display a distinct trend of 
increasing selectivity for the five-m em bered ring product as well as increased  
stereoselectivity of the E  over the Z  isomer with increasing substituent size at the 
acetal a '  carbon atom.
The odd-num bered substrates were synthesized from 3-pentyn-1-ol and 
appropriate acetal precursors giving varying substitutions at the acetal a '  carbon. 
Substrates synthesized with 3-pentyn-1-ol are unsubstituted at the a-carbon site 
and, therefore, allow us to see the directing potential that the extent of a' carbon 
substitution exerts on the formation of the alkylidenetetrahydrofuran product as 
we move down the Table (entries 1 through 8 ). With increasing acetal oC carbon 
substituent size there is a distinct trend of increasing regioselectivity for the five- 
m em bered ring versus six-m em bered ring product. The five to six-m em bered  
ring product ratios from the unsubstituted, methyl-substituted, dimethyl-substi­
tuted, and spirocyclic-substituted acetals are 59:41, 76:24, 100:0, and 100:0, re­
spectively.
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The even-num bered substrates were synthesized from 4-hexyn-2-ol and 
appropriate acetal precursors giving varying substitutions at the acetal a '  carbon. 
Substrates synthesized with 4-hexyn-2-ol are methyl-substituted at the a carbon 
site, and therefore, allow us to see what the combined effects of increasing acetal 
a '  carbon substitution with an a-m ethyl substituent are in regioselectively forming 
the five-m em bered ring product. As we saw with the substrates synthesized from 
3-pen tyn -1-o l, the trend as we move down the Tab le  is that of increasing 
regioselectivity for the five-m em bered versus six-m em bered cyclic ether with 
increasing substituent size at the a  carbon. The ring product ratios for the un­
substituted, methyl-substituted, dimethyl-substituted, and spirocyclic-substituted 
aceta ls  are 31:69 , 65:35 , 83 :17 , and 100:0, respectively. The  a,of dimethyl- 
substituted products are assum ed to have the trans configuration due to unfavor­
able 1 ,3-diaxial m ethyl-hydrogen interactions with the transition state as ob­
served in other cyclization studies . 4 2
The effect of substitution at the a  carbon is to depress the regioselectivity 
ratio of the five versus six-m em bered ring product formation relative to the un­
substituted a-carbon case. This is clearly observed when we com pare data be­
tw een the a-unsubstituted carbon and the a-m ethyl substituted carbon (entries 1 
versus 2, 3 versus 4, etc.) presented in order of increasing substitution at the a '  
carbon as follows: 59:41 versus 3 1 :69, 76:24 versus 65:35, 100:0 versus 83:17, 
and 1 0 0 : 0  versus 1 0 0 :0 ).
Not only is there a lack of regioselectivity in selecting the five-m em bered  
ring in the cyclization of simpler unsubstituted acetylene-acetals, but there is a 
distinct lack of selectivity for anti addition leading to the E  stereoisom er in 3- 
alkylidenetetrahydrofurans, particularly with M EM  ethers. Again, from the copi­
ous studies of Johnson et al reviewed earlier, we were surprised to see so little 
selectivity for the E  isomer. In their biomimetic polyene systems they never re­
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ported seeing more than a single isomer corresponding to anti addition in form a­
tion of the five-m em bered D ring. The configurations in their systems were based 
on a single crystal structure of com pound 2 3  as presented in the Literature  
Review section of this thesis; nonetheless, there seems to be no reason to doubt 
their assignment of the E  configuration for the alkylidenecyclopentane fragment. 
If there is a free linear vinyl cationic interm ediate in the cyclization of the M EM  
ether of 3-pentyn-1-ol, then this intermediate would have pseudo-C 2 v symmetry,
and one would not expect selective delivery of the terminating chloride nucle­
ophile. Indeed, in solvents of higher dielectric constant such as nitromethane 
and sulfolane, which can stabilize ionic interm ediates, the addition of hydrogen 
chloride to phenylacetylene can yield approxim ately equal fractions of E  and Z  
stereoisomers as reported by Marcuzzi and M e l l o n i 4 3  and shown in Figure 6 . 
However, in solvents of lower dielectric constant a predominance of the Z iso m er  
results which suggests that ion pairing can be important in determining the mode 
of addition where no steric bias is present. O ur M EM -based acetals are sterically 
free and methylene chloride is of lower dielectric constant, and we do observe an 
excess of the Z  isomer as dem onstrated by Dockery.3 This could result from a 
transition state as illustrated in Figure 7 where chloride is delivered from titanium  
tetrachloride in an assisted manner or from an ion pair.
Substitution at the a '  acetal carbon has a pronounced effect on the stere­
oselectivity for the E  over the Z  isomer. As one moves from the M EM  acetals to 
the ethyl vinyl ether-based acetals where there is a single methyl substituent at 
a ',  there is a significant increase in the am ount of the Z  isom er relative to £, 
35:65  to ca. 90:10. With a  disubstituted a '  as occurs with entries 5 -8  in the 
Table, there is com plete selectivity for the E  isomer. A reasonable explanation  
for these trends is that as substitution increases at the a '  carbon, there is a  steric 
obstacle to the terminating nucleophile approaching from the syn addition side of
57
-v
HC1 + D C 33 CPh
DC1 + H C s CPh
D Ph d  Ph
> = <  + > = <
H Cl H Cl
E-75 Z-75
Solvent Catalyst
E- 75 
(syn) 
isomer ratio
Z-75 
(anti) 
isomer ratio
Methylene chloride ZnC l2 70 30
— 65 35
Acetic acid — 60 40
Nitromethane ZnC l2 55 45
Sulfolane ZnCI2 50 50
— 75 25
Figure 6- The stereochemistry of addition of hydrogen chloride to 
phenylacetylene. (The table is taken from reference 4a.)
C U Ti CU Ti
CI
C U T i /
R
I
O
Figure 7. A possible transition state to the formation 
of a Z 3-alkylidenetetrahydrofuran.
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the vinyl cation. These observations on acetal cyclizations suggest strongly that 
selectivity for anti addition observed by Johnson and his coworkers is due to 
steric factors. All of the Johnson cyclization substrates have as a precursor to 
the final formation of the five-m em bered ring a  tri-substituted or tertiary carboca- 
tion. The steric consequences of these tri-substituted carbon centers is to block 
attack of any terminating nucleophile from the " Z 1 side of the intermediate. Thus, 
both the regioselectivity for five-m em bered ring formation and the stereoselectiv­
ity for the E  isomer observed by Johnson et al. appears to be due primarily to the 
substantial steric factors in their more complicated polyenynic substrates.
The greater selectivity observed in our systems for the dihydropyran prod­
uct when a hydrogen is replaced by a methyl group at the a  carbon has a more 
subtle and less apparent explanation than the enhanced selectivity for the  
tetrahydrofuran w hen increasing substituent bulk occurs at the oC carbon. 
Substituents at the a '  carbon atom are an integral part of the bond forming 
reaction cen ter and can have both electronic and steric consequences. 
However, a methyl group substituent at the a  carbon is too far removed from the 
alkyne center to be involved directly with the reaction core in a non-bonded steric 
m anner, and the methyl seem s too rem ote to exhibit any significant electronic 
inductive effect at the developing cationic cen ter of the acety len ic bond. 
Nonetheless, this simple substitution of a methyl group for a hydrogen at the a  
carbon notably increases the am ount of the six-m em bered cyclic regioisomer 
relative to the five. The explanation for this observed effect, in part if not the 
whole, must be related to interactions of the a  methyl group with hydrogens on 
the 13 carbon. W hile there is the possibility of a 1 ,3-diaxial methyl-hydrogen  
interaction across the oxygen, this should not occur as the methyl group would 
most surely occupy a pseudo-equatorial site in the transition state and product as 
shown im m ediately below. Furtherm ore, that 1 ,3-diaxial interaction should be
60
strongest in the six-m em bered transition state and thus favor more furan product,
which is the opposite of what is observed.
The effect of a-substitution onto the five-m em bered ring intermediate is to 
increase the total steric energy of the five-m em bered intermediate relative to the 
six. The predominant steric factors which affect the regioselectivity are torsional 
and non-bonded interactions. The energy of torsion which is present in the five- 
m em bered ring can be thought of as originating from the electron density be­
tw een the vicinal bonds. In the six-m em bered ring product the conformation of 
vicinal bonds is in a  gauche "staggered" orientation corresponding to a torsional 
energy minima. On the other hand, in order to minimize angle strain, a planar ge­
om etry for the five-m em bered ring product restricts the vicinal bonds to be in 
alignm ent otherwise known as "eclipsed" and corresponds to a  torsional energy  
maxima. However, cyclopentane and heterocyclic analogues have been studied 
extensively, and it is thought that because of this eclipsing strain the geometry of 
five-m em bered systems is not planar but exists rather in an envelope(C s) or a 
half-chair (C 2 ) conformation. In the case of heterocyclic molecules as in our sys­
tem , the half-chair is more stable than the envelope form with the oxygen atom  
located on the C 2  axis of symmetry. The envelope allows for optimization in
staggering of hydrogens (or other substituents) on the carbons. According to 
C rem er and Pople ,4 4  the calculated dihedral angle between the a and 13 carbons 
is 3 0 \  and the dihedral angle between the f3 and y carbons is 35°. Therefore, the
61
torsional energy experienced by the five-m em bered  interm ediate would be 
som ew here between what is found in the eclipsed (0 * dihedral angle) and stag­
gered (60° dihedral angle) conformations. The total strain in these "skewed" ring 
systems has been found to be between 4-5 kcal lower than what is found in the 
planar fully-eclipsed conformation due to the reduced interactions between vicinal 
hydrogens.
With a-substitution in the tetrahydrofuran system there is an increase in 
the nonbonded repulsive interaction between the a  and 6  carbon substituents. 
Because our system is observed to be a  "skewed" ring configuration, it is difficult 
to quantitatively address the difference between an a-m ethyl/B-hydrogen and a- 
hydrogen/f3-hydrogen non-bonded interaction. However, if we neglect ring puck­
ering, we can assume a fully eclipsed state and estimate the difference between  
these conformations using data given for the ethane and butane systems as de­
scribed by Carey and Sundberg.4 ^ The models used are best depicted in a dia­
gram  of potential energy versus the torsion angle shown in Figure 8 . In these 
diagram s the eclipsed conformations are seen as energy maxim a, and the stag­
gered conformations are seen as energy minima. If we superimpose the energy 
diagram  of butane over that for ethane, we are able to see the effects of the 
energy difference experienced  by non-bonded interaction of the a  and 13
substituents. The torsional effects are assum ed to be identical between ethane  
and butane, where V 0  is the rotational energy barrier for ethane and is taken to
be equal to 2 .9  kcal/m ol. W ith butane we see that the energy m axim a are  
increased relative to ethane as are the energy minima at torsional angles of 60° 
and 200°; the energy minimum at 180°is unchanged relative to ethane. It is the 
energy difference betw een the butane and ethane m axim a at 120° and 240° 
which represents the fully eclipsed m ethyl-hydrogen conform ations and, 
therefore, the strain due to the m ethyl-hydrogen nonbonded interaction. This
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Figure 8. Potential energy diagram depicting rotation about the internal 
carbon-carbon bond of butane.
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value is reported to be 0 .6  k c a l / m o l . T h ere  are two m ethyl-hydrogen  
nonbonded interactions in the butane model; thus, the total additional strain 
attributed to each m ethyl-hydrogen nonbonded interaction is 0 .3  kcal/m ol. 
Because our system is not fully eclipsed, we have estimated that the contribution 
for each  m ethyl-hydrogen nonbonded interaction would be reduced to 
approxim ately 0 .15 kcal/mol when the dihedral angle is 3 0 \  This estimate may 
be on the low side. W hen one looks at the barrier to rotation in ethane, propane, 
and 2-m ethylpropane, values of 2.9 , 3 .4 , and 3 .9  kcal/mol, respectively, have 
been reported. This suggests that a m ethyl-hydrogen eclipsed non-bonded  
interaction in our systems might be as high as 0 .5  kcal/mol. Although this 
am ount of energy may seem  inconsequential, the energy required to shift an 
equilibrium from 50:50 to 65:35 in favor of the more stable isomer is 360 cal/mol 
at 25°. From AG ° = -RTInK , the free energy difference at -63° (as in our 
systems) is only 260 cal/mol.
W e are not aware of many cyclization studies which could help shed light 
on the influence of non-bonded 1,2-interactions on the selection of five versus 
six-m em bered rings. However, one study that seem s germ ane to our work has 
been reported by Overm an and S h a rp .46 These authors first reported that the 
cyclization of the form aldinium  ion form ed from paraform aldehyde and p- 
m ethoxybenzyl(pent-3-yn-1-yl)am ine in the presence of acid and tetra-n-buty- 
lam monium  bromide gave the alkylidenepyrrolidene rather than the 1 ,2 ,5 ,6 - 
tetrahydropyridine as shown in Schem e 18. This preferred exocyclic mode of ring 
closure is entirely consistent with the greater stability of the secondary linear vinyl 
cation relative to the secondary bent vinyl cation of the endocyclic six-mem bered  
ring tetrahydropyridine addition product. Their initially reported observations were 
disappointing to us because they observed the complete selectivity that we had 
hoped for in a rather similar system to our acetylene-acetals without apparent
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X = halogen
Scheme 18
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steric complexity. The only significant difference in their system is the substitu­
tion of a nitrogen heteroatom for an oxygen atom in the acetylene-acetal sys­
tem s. Furtherm ore, while the oxygen in our systems is unsubstituted, the nitro­
gen in the O verm an-Sharp system bore a  benzyl group. Thus, there must be 
som e pivotal electronic or steric effect influencing the strong preference for the 
five-m em bered product. Yet, the significant differences between the nitrogen and 
oxygen systems were certainly not apparent to us.
The electronic differences between nitrogen and oxygen did not seem  to 
be significant given the fact that these atoms are several bonds rem oved from 
the reaction center which leads to the cyclized product. Steric effects at the re­
action center also seem minimal due to distance considerations. The significant 
difference between the two systems seem s to be that the nitrogen bears a large 
benzyl substituent whereas the oxygen atom is unsubstituted. W hile ring-forming 
reaction center effects should be minimal, the five-m em bered pyrrolidine struc­
ture with the benzyl substituent should experience greater non-bonded interac­
tions with neighboring hydrogens than would the six-m em bered tetrahydropyri- 
dine structure with the more optimal dihedral angles. The problem with this effect 
is that it should favor the formation of the six-mem bered cyclic product relative to 
the five.
The lack of consistency betw een our results and the reported O verm an- 
Sharp results was notably and pleasantly resolved in a later published correction 
to their original com m unication .4 7  The correction reported that the sole product 
fo rm e d  in th e  abo ve d iscu ssed  cyc liza tio n  w as  not the  exo cyclic  
alkylidenepyrrolidine but rather the six-m em bered endocyclic tetrahydropyridine. 
This preference for the six-m em bered ring can be understood in part at least by 
the greater steric strain in the formation of the five-m em bered ring. Calculations 
of C rem e r and P o p le 4 ^ on oxalane (tetrahydrofuran) indicate that the C 2
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geom etry is more stable than the C s structure. The dihedral angle between a
substituent on the nitrogen and a carbon-2 hydrogen would be 12°. Using the 
expression for the torsional strain ,4 4  E (o) = 0 .5 V o (1 + cos 3o) with V 0  chosen to
be 1 . 0  kcal/m ol, and including two torsional interactions, the torsional strain 
becom es som e 2  kcal/mol relative to the unstrained tetrahydrofuran molecule. 
There is further strain of perhaps 1 kcal/mol from the van der W aals  non-bonded  
repulsions between the benzyl group and the two adjacent hydrogens. The total 
steric strain in the nitrogen ring relative to the oxalane might be 3 kcal/mol. To  
achieve a selectivity of 99%  at 25* one would need a free energy difference of 
2 .7  kcal/mol in either the products or transition states. Thus, it seem s reasonable 
that the formation of the six-m em bered ring product to the virtual exclusion of the 
five in Overm an and Sharp's work is due to the steric consequences of the benzyl 
group. And now the observations on this iminium ion cyclization seem  consistent 
with our acety lene-acetal cyclization results, specifically that substitution of a 
methyl group at the a  carbon atom enhances the formation of the dihydropyran 
product.
It is evident from the carbocyclic and oxacyclic systems discussed herein 
that the energy gap advantage of the secondary linear vinyl cation over the sec­
ondary bent vinyl cation interm ediate is significantly less than what is calculated  
in the open acyclic parent ethenyl cation. The parent secondary vinyl cation in 
the gas phase has been calculated to be ca. 50 kcal/mol more stable than the 
secondary bent vinyl analog . 4  In com parison, the observation in acety lene-ac­
etal cyclizations that seem ingly small destabilizing effects influence strongly the 
regioselectivity for the 3-alkylidenetetrahydrofuran versus the 5 ,6 -d ihydro-2H- 
pyran suggests that the difference in vinyl cation stability in our oxacyclic inter­
m ediates is some two orders of magnitude less than the 50 kcal/mol cited earlier. 
This lowering of the energy gap as it affects the ratio of five and six-m em bered
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ring production in acetylene-acetal cyclizations is certainly due to, at least in part, 
solvent effects and steric strain factors involved in cyclic systems.
The evidence gathered supports our conclusion that for these oxygen-con­
taining ring systems a bent versus linear vinyl cation stability argum ent is too 
* simplistic in predicting regioselectivity. Instead, there appears to be a combined  
effect of several equally important and competing electronic and steric com po­
nents which influence the direction of electrophilic addition.
This now brings us to the question of why Johnson and coworkers ob­
served such consistent selectivity for the five-m em bered  D ring when those  
studying the formation of monocyclic products have observed fluctuations in ring 
preference. In the Johnson systems the initiating precursor to the D ring of the 
steroid-like system is always a tertiary carbocation. It is reasonable that this ter­
tiary center introduces a com ponent of steric hindrance which is capable of com ­
plete selection for the five-m em bered cyclic product as was found in this thesis 
when bulky substituents, such as the spirocyclic or the a '  dimethyl cases, were  
present in the initiating precursor to cyclization.
Even though Johnson et al. and Overm an and Sharp imply that the stabil­
ity of the secondary linear vinyl cationic intermediate is the directing force behind 
the regioselectivity for the five-m em bered ring product, their observations can  
also be considered in light of steric arguments. The extent of variability seen in 
these acetylene cyclizations studies does not permit cation electronic considera­
tions to be the sole predictor for the cyclization product distribution. More appro­
priately, along with electronic effects, the control of regioselectivity and stereose­
lectivity is governed strongly by the total steric effect in these electrophilic  
cationic-initiated cyclization reactions. Further studies of acety lene-acetal cy­
clization with increasing num ber and size of substitutents on the a  and 13 carbon 
atoms of the acetylene portion of the acetal would provide additional evidence for
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the importance of non-bonded interactions in favoring six-m em bered ring forma­
tion; also, affixing an isopropyl or tertiary butyl group on the acetylene terminus 
should favor the formation of the tetrahydrofuran product. These studies remain 
to be done.
Finally, it seem s appropriate to add a short section on the preparation of 
methoxyethoxymethyl (M E M ) acetals in pure form without undesireable byprod­
ucts. The synthesis of methoxyethoxymethyl (M E M ) ethers of alcohols was first 
reported by Corey, Gras, and Ulrich4 7  as a protecting group for the hydroxyl 
functionality of an alcohol. For our purposes we w anted to prepare selected  
M EM  ethers of alk-3-yn-1-ols (homopropargyl alchols) in order to synthesize 5,6- 
dihydro-2H -pyrans and 3-alkylidynetetrahydrofurans via Lewis acid promoted 
cation cyclizations as discussed in the Introduction. The synthesis of M EM  
ethers described by Corey, et al. which we have employed involves the reaction 
of methoxyethoxymethyl chloride with a homopropargyl alcohol in the presence  
of diisopropylethylamine. A hindered amine is used so that nucleophilic displace­
ment of chloride to give a quaternary ammonium salt is minimized. The synthesis 
app ears  and is very straightforw ard. Thus, w e w ere surprised in some  
preparations of the M EM  acetal of 4-pentyn-2-ol to see two substantial (10%  and 
1 2 % ) impurity peaks in the gas chromatogram which had retention times rather 
close to the desired M EM  ether of 4-pentyn-2-ol (Figure 9). The fact that the 
impurities had retention times similar to the title product suggested that they may 
have similar structures. Indeed, the presence of three C -13  N M R  resonances
+ N(C2H5)(z-C3H7)2
+ [HN(C2H5)(/-C3H7)2] Cl 
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Figure 9. The gas chromatographic-mass spectral data for the products from the 
preparation of the M EM  acetal of 4-pentyn-2-ol.
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(Figure 1 0 a) in the vicinity of 1 0 0  ppm (94.1 , 95 .7 , and 98 .0 ), which is strongly 
indicative of the O -C H 2 -O  group, seem ed to confirm the presence of acetal side
products. The two resonances near 4 .8 ppm in the proton N M R  spectrum  
coupled with errant integration ratios also suggest acetal byproducts. (See  
Figure 1 0 b.)
The mass spectra of the three compounds w ere virtually conclusive in 
defining their structures. The central peak (7.52 min; 78%  by area) is due to the 
M E M  acetal of 4-pentyn-2-ol. Mass peaks at 31, 45, 59, and 89 are completely  
consistent with M EM  group fragmentation. Reasonable pathways to these frag­
ments are presented in equation 3 ,4 ,7 ,8 , & 10 in Figure 11. The peak at 133  
amu is consistent with C H 2 C =C H  cleavage as shown in equation 1 in Figure 11.
The compound giving rise to the shorter retention time has a mass spec­
trum which is consistent with the M EM  ether of 2-m ethoxyethanol (69)which was 
independently synthesized by the reaction of 2-methoxyethanol and M EM
69
chloride. The C -13  NM R confirmed that the peak in the mixture at 95 .7  ppm is 
due to this sym m etric acetal. Also, the mass spectra of the independently  
synthesized symmetric acetal was virtually identical to that arising from the short 
retention time peak of the mixture. Finally, the mass spectra of the long retention 
time peak is consistent with the symmetric acetal shown below (70).
70
The acetal impurity 69 may arise from the M E M  chloride being comtami- 
nated with 2-m ethoxyethanol via hydrolysis of the M EM  chloride. Acetal 70 may
Figure 10a. The C -13 N M R  sprctrum of the crude product from the preparation  
of the M EM  acetal of 4-pentyn-2-ol in C D C I3 .
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Figure 10b. The H-1 NM R sprctrum of the crude product from the preparation of 
the M EM  acetal of 4-pentyn-2-ol in C D C I3 .
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arise by a transacetalization pathway. However, to this point we have not been  
able to confirm the origin of the byproducts. It does seem  essential to ensure  
that the starting m aterials are pure and free from moisture, particularly under 
acidic conditions.
W ith regard to the cationic acetal cyclizations of interest to this work, it 
now  seem s c lear that both electronic and steric effects are im portant in 
determ ining the ratio of alkylidenetetrahydrofuran to dihydropyran products. The  
greater stability of secondary linear vinyl cations to secondary bent vinyl cations 
is not, in general, sufficient to overcom e adverse steric effects. It now is clear 
that the overwhelm ing formation of 5-m em bered rings in the polyenyne work of 
Johnson et al. using m ethyacetylenic terminators results predom inately from  
steric factors. Steric factors also dictate their exclusive observation of anti- 
addition across the triple bond. Thus, our initial expectation that cationic  
a ce ty len e -a ce ta l cyclization might be a highly se lective route to 3 -a lky l- 
idenetetrahydrofurans w as too simplistic. Selectivity can only be obtained by 
careful steric tailoring of the acetylene-acetal substrates.
A P P E N D IX
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Appendix A-1
Quantitative Analysis via G as Chrom atography  
The Internal Standard Technique
By adding a  known, w eighed  am ount of a com pound (the internal 
standard) into a reaction mixture and analyzing by gas chrom atograph, a quanti­
tative estimation of the reaction mixture com ponents can be m ade. The following 
steps illustrate the technique.
1. Prepare a solution containing weighed am ounts of the internal standard 
and the compound (or com pounds) to be analyzed.
2. Calcu late the moles of internal standard and the moles of the other 
com ponents in this solution.
3. Run a gas chrom atographic analysis of this solution and determ ine the 
areas of the internal standard and the other com ponents.
4. For each com ponent to be analyzed determ ine the ration Y:
5. Add a known, w eighed amount of standard to the reaction mixture. 
Calculate the moles added.
6 . Run a gas chrom atographic analysis of the reaction mixture and 
determ ine the areas of the standard the desired com ponents.
7. Calculate the moles of each com ponent:
This procedure is due to the courtesy of Professor R. A. Colem an.
Appendix A-2
The H 1-N M R  of the ethylene giycol-cyclohexanone acetal.
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Appendix A-3
The H ^-N M R  of the ethylene glycol-cyclopentanone acetal.
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Appendix A-4
GC-MS data for the product from the transacetalization reaction of 3-pentyn-1-ol
with the acetal prepared from ethylene glycol and cyclohexanone.
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Gas chromatograms for the product from the transacetalization reaction of 3-
pentyn-1-ol with the acetal prepared from ethylene glycol and cyclohexanone.
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Appendix A-6
GC-MS data for the products from the transacetalization reaction of 3-pentyn-1-ol
with the acetal prepared from ethylene glycol and cyclopentanone.
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GC-MS and GC data for the product from the transacetalization reaction of
3-pentyn-1-ol with 2,2-dimethoxyrorpane.
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